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License 4.0 (CC BY-NC).Engineering phonon polaritons in van der Waals
heterostructures to enhance in-plane optical anisotropy
Kundan Chaudhary1*, Michele Tamagnone1*†, Mehdi Rezaee1,2*, D. Kwabena Bediako3,
Antonio Ambrosio4, Philip Kim3, Federico Capasso1†
Van der Waals (vdW) heterostructures assembled from layers of two-dimensional materials have attracted consider-
able interest due to their novel optical and electrical properties. Here, we report a scattering-type scanning near-field
optical microscopy study of hexagonal boron nitride on black phosphorus (h-BN/BP) heterostructures, demonstrating
the first direct observation of in-plane anisotropic phonon polariton modes in vdW heterostructures. Notably, the
measured in-plane optical anisotropy along the armchair and zigzag crystal axes exceeds the ratio of refractive indices
of BP in the x-y plane. We explain that this enhancement is due to the high confinement of the phonon polaritons
in h-BN. We observe a maximum in-plane optical anisotropy of amax = 1.25 in the frequency spectrum at 1405 to
1440 cm−1. These results provide new insights into the behavior of polaritons in vdW heterostructures, and the
observed anisotropy enhancement paves the way to novel nanophotonic devices and to a new way to character-
ize optical anisotropy in thin films.INTRODUCTION
Phonon polaritons due to the coupling of photons and optical phonons
in polar dielectrics such as hexagonal boron nitride (h-BN) have at-
tracted much interest in the two-dimensional (2D) materials reseach
field (1–10). Specifically, h-BN has light constituent elements, which
lead to strong phonon resonances atmid-infrared (IR) frequencies (10).
Such h-BN–based polaritonic systems exhibit confinement of light be-
low the diffraction limit (11), propagation with ultralow losses (3),
hyperbolic properties (5, 10–15), and tunable response by changing
the thickness of the samples (10) at mid-IR wavelengths. However, it
is noteworthy that in the experiments performed so far, the substrates
were optically isotropic. The effect of the substrate in-plane optical
anisotropy (ex≠ ey, where ex and ey are the relative permittivities along
the x and y axes) has not yet been investigated. It is therefore important
to gain new insights into the interaction of polaritons with in-plane op-
tically anisotropic substrates. In this work, we report a scattering-type
scanning near-field optical microscopy (s-SNOM) (16, 17) study of
h-BN on black phosphorus (h-BN/BP) heterostructures, demonstrat-
ing the first direct observation of in-plane anisotropic phonon polar-
iton waveguide modes supported by h-BN placed on BP, an in-plane
anisotropic van der Waals (vdW) material (18–20). Remarkably, as
explained later, the maximum anisotropy of the phonon polariton
propagation along the x and y axes of our heterostructure exceeds the
anisotropy of the vdW layers used to create it.RESULTS
Our samples consist of a thin (40 nm) h-BN flake placed on BP on a
SiO2/Si substrate and then patterned into disc shapes (see figs. S1 to S3).
Because of their rotational symmetry, any anisotropy in the polariton
propagation would be clearly visible. In addition, and for the same rea-son, no careful alignment is needed between the patterns and the BP
optical axes at the stage of device fabrication (see Supplementary
Method 1). The phonon polaritons in h-BN and optical properties of
BP have been explored in several works (10, 21) and are briefly recalled
here. h-BN (Fig. 1A) is a uniaxial anisotropic (or birefringent) material
characterized by an in-plane relative dielectric permittivity, e⊥ (in the x
and y directions of Fig. 1A), different from the out-of-plane one, e∥ (in
the z direction). The polarization of the boron and nitrogen bond allows
the coupling of optical phonons with incident mid-IR light, resulting in
phonon polaritons. Because the unit cell contains two atoms, there are
three optical phonon modes: two in-plane (degenerates because of the
in-plane isotropy of h-BN) with a resonance at 1370 cm−1 and one out-
of-plane with a lower resonance frequency at 780 cm−1. The presence of
the polaritons causes a negative permittivity in two different frequency
bands, called reststrahlen bands, as shown in Fig. 1B [first reststrahlen
band (RS1): 780 to 830 cm−1; second reststrahlen band (RS2): 1370 to
1610 cm−1] (7, 10). In the RS1 band, the relative out-of-plane permit-
tivity, e∥, is negative, whereas in the RS2 band, considered in this work,
the relative in-plane permittivity, e⊥, is negative. As a result of these
optical properties, h-BN supports highly confined guided transverse
magnetic (TM) modes in these two bands (7, 10). It is instructive to
recall the propagation of TM plane waves (i.e., p-polarized) in h-BN.
In this uniaxial material, the dispersion reads
k2⊥
ejj
þ k
2
jj
e⊥
¼ k0 ¼ w
2
c2
ð1Þ
where k⊥ and k∥ are the in-plane and out-of-plane components of the
wave vector, k0 is the wave vector in vacuum at the frequency w, and
c is the speed of light. Equation 1 is represented graphically in Fig. 1C.
The negative out-of-plane or in-plane permittivity in the reststrahlen
bands enables the propagation of hyperbolic polaritons, which can have
arbitrarily high wave vectors. This allows even thin flakes of h-BN to
support an infinite number of guided modes theoretically (10). Unlike
h-BN, BP is a non-polar dielectric and hence does not exhibit phonon
polaritons. Whereas highly doped (or gated) BP supports plasmon
polaritons (22), the undoped material used in this work does not
(Table 1) and behaves as an anisotropic biaxial dielectric (with relative1 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L Epermittivities, ex ≠ ey ≠ ez, and nx;y;z ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃex;y;zp ). The puckered ortho-
rhombic geometry of BP (18–20) results in the in-plane optical anisot-
ropy, with the crystal axes (armchair and zigzag) exhibiting different
refractive indices (Fig. 1, D and E). The in-plane optical anisotropy is
prominent in the entire optical spectrum of interest from ultraviolet to
IR (21–23), which allows the determination of the crystal axes using
angle-resolved polarizedRaman (ARPR) spectroscopy (fig. S1, A andB)
(24). The same task can be achieved with polarized light microscopy
(fig. S2). Figure 1F illustrates the electric field lines of the excited funda-
mental guided phonon polariton mode supported by h-BN. Here, theChaudhary et al., Sci. Adv. 2019;5 : eaau7171 12 April 2019field lines are influenced by the presence of BP and its in-plane anisot-
ropy, which causes the in-plane guided polariton modes to be in-plane
anisotropic as well. More precisely, for a constant illumination wave-
length, the polaritons will propagate with different effective indices
along the different in-plane crystal axes of BP. Figure 1G qualitatively
compares contour plot of dispersion relation at a given frequency of
isotropic phonon polariton modes in h-BN to that of anisotropic pho-
non polariton modes in the h-BN/BP heterostructure. The dispersion
relation of anisotropic phonon polaritons in the h-BN/BP heterostruc-
ture is approximated by an ellipse in the kx-ky plane as opposed to a
circle for the case of isotropic phonon polaritons in h-BN (14).We then
define the polariton anisotropy a as
a ¼ neff ;x
neff ;y
ð2Þ
where neff,x and neff,y are the effective indices of the guided polariton
modes in the x (armchair) and y (zigzag) directions, respectively. Nota-
bly, the polariton anisotropy, a, defined with the effective indices of the
modes in the h-BN/BP heterostructure, can be larger than the ratio (a′)
of the refractive indices of BP in the x-y plane
a′ ¼ nx
ny
ð3ÞFig. 1. Anisotropic phonon polariton propagation in the h-BN/BP heterostructure. (A) Schematic illustration of the crystal structure of h-BN. A single layer is
shown. (B) Relative permittivities of h-BN along the different crystal axes showing hyperbolic behavior in two different frequency bands (highlighted in blue and
red). (C) Schematic illustration of the hyperbolic dispersion relation of h-BN in the two different reststrahlen bands (RS1, 780 to 830 cm−1; RS2, 1370 to 1610 cm−1).
(D) Schematic illustration of the puckered orthorhombic crystal structure of BP. A single layer is shown. In the in-plane anisotropic geometry of BP, the slow axis is along
the armchair direction, whereas the zigzag direction represents the fast axis. (E) Relative permittivities of biaxial anisotropic BP along the different crystal axes (21). (F) Electric
field profile of polaritons in the h-BN/BP heterostructure placed on a SiO2/Si substrate. The electric field lines here are due to coupling of mid-IR photons to in-plane
optical phonons in the RS2 band of h-BN. (G) The presence of an in-plane anisotropic substrate such as BP affects the propagation of phonon polariton along the
armchair and zigzag crystal axes, resulting in approximately elliptical dispersion relation in the kx-ky plane in comparison to a circular dispersion relation for h-BN on
SiO2/Si. lg,x and lg,y are the guided wavelengths of phonon polariton modes along the x and y axes, respectively.Table 1. Overview and spectral ranges in which different types of
polaritons exist in h-BN, BP, and their heterostructure.vdW material Polariton type Spectra rangeh-BN Phonon polaritons 780–830 cm−1,
1370–1610 cm−1Undoped BP (No polaritons) –Doped/gated BP Anisotropic plasmon
polaritons~200–4000 cm−1h-BN/BP
heterostructureAnisotropic phonon
polaritons780–830 cm−1,
1370–1610 cm−12 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L EThe guided modes in this heterostructure therefore exhibit an
enhanced anisotropy with respect to BP alone. Figure 2A shows the ef-
fect of thickness of BP on the calculated (using Lumerical MODE Solu-
tions) effective indices of the phonon polariton modes along the
armchair and zigzag axes of BP. In the frequency spectrum at 1405 to
1440 cm−1, there is a clear evidence of anisotropy in the phonon polar-
iton propagation along the armchair and zigzag axes given by the
difference in their effective indices. The effective indices along both
the armchair and zigzag directions increase with frequency.Chaudhary et al., Sci. Adv. 2019;5 : eaau7171 12 April 2019Figure 2B demonstrates the in-plane anisotropy, a, of phonon po-
lariton propagation in h-BN/BP heterostructures (Fig. 2C). The dashed
purple line represents the ratio of refractive indices of BP in the x-y
plane, a′. As mentioned earlier, there are wide spectral ranges where
a exceeds a′. This effect can be understood as follows: Let us consider
a polariton propagating along the zigzag direction for a BP thickness
such that polariton fields are partially inside BP. When propagation
along the armchair axis is considered, the electric field (which is partially
polarized along the wave vector) interacts with a higher permittivity,Fig. 2. Calculation of anisotropic dispersion relation of the h-BN/BP heterostructure. (A) For a given thickness (40 nm) of h-BN, the effective indices of phonon polariton
modes along both the armchair and zigzag crystal axes of BP increasemonotonically with thickness of BP and frequencies in the range of 1405 to 1440 cm−1 due to the increased
mode confinement factor. (B) Calculated anisotropy values of the phonon polaritons for varying thickness of BP. For each frequency, there is an optimum thickness of BP that
results inmaximumanisotropy. Similarly, for each thickness of BP, there is an optimum frequency atwhich the anisotropy ismaximum. Thedashedpurple line represents the ratio
of refractive indices of BP in the x-yplane. The calculated in-plane anisotropy of the h-BN/BPheterostructure is larger (amax = 1.25) than the ratio of refractive indices of BP in the x-y
plane (a′=1.13). (C) Schematic of the h-BN/BPheterostructure used to calculate the effective indices in (A) and anisotropy in (B). For a fixed 40-nm-thick h-BN, the thickness of BP is
varied between 30 and 250 nm. (D to J) Electric field profiles at 1420 cm−1. (D) Electric field profile with no BP. The mode is TM, and only the field component parallel to the
propagation direction is plotted. Electric field is confined in h-BN, demonstrating a guided polariton mode. The electric field intensity decays away from h-BN surfaces in air and
SiO2. (E and F) Electric field profile with 40-nmBP, representing calculated in-plane and out-of-plane field components, respectively. The electric field confinement along the x axis
(armchair) is larger than that along the y axis (zigzag), implying anisotropic effective indices along the x and y crystal axes of BP. (G and H) Electric field profile with 100-nm BP
representing in-plane and out-of-plane field components, respectively. The electric field confinement along both the x and y axes is comparable, implying lower anisotropy in
comparison to the casewith 40-nm BP. Higher confinement with 100-nm BP also demonstrates larger effective indices compared to the case with 40-nm BP. (I and J) Electric field
profile with 250-nmBP representing in-plane and out-of-plane field components, respectively. Like the casewith 100-nmBP, the electric field confinement along both the x and y
axes is comparable, implying lower anisotropy in comparison to the case with 40-nm BP. Higher confinement in (I) and (J) also demonstrates larger effective indices compared to
the case with 40- and 100-nm BP.3 of 7
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the field is now more confined, i.e., a larger fraction of it is inside h-BN.
This additional effect further reduces the phase velocity, enhancing the
anisotropy. Additional insights are shown in fig. S9, which studies the
dependence of the effective index neff of the polariton with respect to
the in-plane refractive index n of BP. In reality, n can only take the two
values corresponding to the two axes of BP, but this theoretical study
highlights the fact that the functionneff (n) is not linear andhas a sigmoidal
shape instead due to the aforementioned argument on confinement.
At the inflection point of the sigmoid, the slope is maximum, which
means that a variation in n will cause a greater variation in neff. This be-
havior explains the enhancement observed in the anisotropy,whichpeaks
for those frequencies and thicknesses for which the inflection point is lo-
cated betweenn=4.24 andn=3.74 (the refractive indices of BP along the
x and y crystal axes). The inflection point (andhence themaximumof the
anisotropy) occurs when the evanescent field tail of the polaritons is com-
parable to the thickness of BP. Therefore, for larger BP thickness, the
maximum anisotropy occurs at lower frequency, where the evanescent
tail extends farther away from h-BN. This argument perfectly explains
the observed trend of the anisotropy maxima. As shown in Fig. 2B, for
each frequency, there is an optimum thickness of BP, which maximizes
the in-plane anisotropy. Similarly, for each thickness of BP, there is an
optimum frequency that maximizes the in-plane optical anisotropy. In
the large frequency limit (i.e., 1440 cm−1), the in-plane optical anisotropy
decreases with increasing thickness of BP. Similarly, for a given thickness
of BP (i.e., 40 nm), on varying the thickness of h-BN in the range of 10 to
40 nm, we observe a larger in-plane anisotropy of the polaritons (with a
maximum anisotropy of ~1.3).
Figure 2D shows the electric field profile of h-BN on a SiO2/Si
substrate, where the electric field is mostly confined in h-BN and
exponentially decays away from the h-BN surfaces in air and SiO2.
The confinement of polariton mode in h-BN along the x-y plane in-
creases with increasing BP thickness (Fig. 2, E, G, and I), which
allows weaker interaction with the in-plane anisotropic refractive
indices of BP. For 40-nm BP, the polariton mode is less confined in
h-BN, which allows a stronger interaction with BP and leads to a higher
difference in phonon polariton propagation along the armchair and
zigzag crystal axes. Similarly, the dispersion behavior of anisotropy
can be explained by the fact that mode confinement in h-BN, for a
given thickness of BP, is a function of frequency, where the modes
are highly confined for larger frequencies (Fig. 2A). Similarly, Fig. 2
(F, H, and J) demonstrates the electric field profile along the out-of-
plane axis of the h-BN/BP heterostructure.
To probe the fundamental guided mode of the anisotropic phonon
polaritons in the h-BN/BP heterostructure, we used s-SNOM, which
allows imaging of guided modes in the mid-IR spectrum. We used a
quantum cascade laser (QCL) as a source focused by a parabolic mirror
to a region of sample and to the probe [a PtIr-coated atomic force mi-
croscopy (AFM) tip]. Scattering of the laser beam at the tip (diameter,
~20 nm) provides wave vectormatching and excites/probes the phonon
polariton modes in h-BN (Fig. 3, A to C) in the RS2 band of h-BN. An
interferometer and a pseudo-heterodyne detection scheme are used to
extract the amplitude and phase of the phonon polaritons in the h-BN/
BP heterostructure (16). The s-SNOM produces images that include
both the amplitude and the phase of the scattered field at each pixel
of the scan (raw scans are reported in fig. S4), which can be obtained
by using several harmonics of the pseudo-heterodyne detection. As ex-
plained in our previous works (6, 25), the complex-valued images are
not a simple representation of the near fields of the structure, but ratherChaudhary et al., Sci. Adv. 2019;5 : eaau7171 12 April 2019are a superposition of several contributions. Each contribution is asso-
ciated to a particular path that the light follows when interacting with
the tip-sample system, and all the contributions are added together in
the final detected image. The contributions and the final image are re-
presented by complex-valued images. For samples supporting no
guided waves or standing resonances, only one path is relevant, which
we call material contribution, and it is associated with the light path
from the interferometer to the tip, which enhances light intensity on
thematerial directly underneath it and then scatters it back to the inter-
ferometer (Fig. 3A). This contribution is affected by the local material
polarizability directly below the AFM tip.
When guided waves are supported, other contributions are possible.
However, no guided wave can be detected unless there is an edge or any
other scatterer on the sample. In our case, the samples are discs, the edge
of which allows the detection of guided waves. Two possible paths con-
tribute to the detection of the guided modes in the sample, and they are
associated to the roundtrip and direct contributions. In the roundtrip
contribution, the tip couples the QCL light into the guided mode, which
is reflected by the edge of the sample and is then scattered back to the
detector by the tip (Fig. 3B). In the direct contribution, the light from
the QCL is scattered by the edge into the guided mode, and then the
tip scatters it back to the detector (Fig. 3C). Hence, from the raw images
(fig. S4), we first remove the material contribution and then we separate
the direct and roundtrip components exploiting the rotational symmetry
of the system, as explained in Supplementary Method 1 and fig. S5.
The roundtrip contribution is unaffected by possible misalignments
(see Supplementary Method 1) of the laser beam with respect to the
crystal axes of BP, and hence, it is used for further analysis of the
in-plane anisotropy of the polaritons in h-BN/BP heterostructures
(Fig. 3, E to L). For a reference sample without BP (fig. S5A), circular
fringes are observed as expected from previous experiments (14). The
presence of BP affects the phonon polaritons in h-BN and results in an
anisotropic propagation given by the elliptical fringes with increased el-
lipticity toward the center of the disc. The orientation of the major and
minor axes of ellipses represents the crystal axes of BP andmatches that
of the crystal axes measured using ARPR spectroscopy (fig. S1, A and
B). Figure 3 (E to H) shows the frequency dependence of the roundtrip
contribution of the phonon polaritons in the 40-nm h-BN/40-nm BP
heterostructure, whereas Fig. 3 (I to L) shows the frequency dependence
of phonon polaritons in the 40-nm h-BN/250-nm BP heterostructure.
Elliptical fringes are observed for both the 40-nm and 250-nm BP het-
erostructures, and the effective indices can be extracted from the fringe
spacing measured, as illustrated in Fig. 3D. More precisely, the spacing
between fringes is half of the guidedwavelength of themode because the
waves propagate back and forth along the distance from the tip to the
edge. The increased ellipticity of the fringes toward the center can be
represented by the following expressions: a ¼ mlg;x2 and ¼
mlg;y
2 , where
a and b are the distances from the first fringe (m = 0) to themth fringe
along the x and y crystal axes, respectively;m is a positive integer; and
lg,x and lg,y are the guided polariton wavelengths along the x and y
crystal axes, respectively. The effective index increases with increasing
frequency (Fig. 3M) as expected for phonon polaritons in h-BN. There
is a good agreement between the calculated effective indices and the
measured effective indices using s-SNOM near-field images despite
the fact that no fit was used. Instead, we use a theoretical prediction,
starting from themeasured thickness of the sample and from calculated
values of the refractive indices of BP in (21).
Thicker BP (in the semi-infinite limit) allows a larger effective index,
but the in-plane anisotropy is weaker.Hence, the heterostructure results4 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L EFig. 3. Anisotropic dispersion relation of h-BN/BP heterostructure discs. (A) Schematic illustration of material contribution. The incident IR beam goes to the tip, which
focuses light on the material directly underneath and then scatters it back to the interferometer. (B) Schematic illustration of the roundtrip contribution. The incident IR beam
scatters off the AFM tip, gets reflected from the edge of the h-BN/BP heterostructure, and gets scattered again off the AFM tip to the interferometer, resulting in a round trip of the
phonon polaritonmode. (C) Schematic illustration of direct contribution. In this case, the incident IR beamgets coupled to the phonon polaritonmode at the edge of the h-BN/BP
heterostructure and scatters off the AFM tip to the interferometer. (D) Mathematical representation of the elliptical fringes of the roundtrip contribution in the presence of
BP. a and b represent the distance fromm = 0 fringe tomth fringe along themajor andminor axes of themth ellipse, respectively. Anisotropy (a) is given bya ¼ ba. Ellipticity
of the fringe increases with m. (E to H) Real parts of the roundtrip contribution of the s-SNOM image in fig. S3B for the 40-nm h-BN/40-nm BP heterostructure at varying
frequencies. Dashed red circle in (E) represents the 0th (m = 0) fringe, and the dashed red ellipse represents the 2nd (m = 2) fringe. a and b are the distances from the 0th
fringe to the major and minor axes of the 2nd fringe, respectively. Arrow represents the direction of the electric field of the illuminating beam. (I to L) Real parts of the
roundtrip contribution of s-SNOM image in fig. S3D for the 40-nm h-BN/250-nm BP heterostructure at varying frequencies. The number of fringes in the h-BN/BP disc
increases with frequency, implying increased confinement of the phonon polaritons in the h-BN/BP heterostructure. At a given frequency, the mode confinement is larger
for thicker BP. (M) Effective indices in both the 40-nm h-BN/40-nm BP and 40-nm h-BN/250-nm BP heterostructures increase with increasing frequencies, implying higher
mode confinement as evident in (E) to (L). Mode confinement is higher for thicker BP, which demonstrates the substrate’s thickness-dependent confinement. On the other
hand, the effective indices along the armchair axis are larger than those along the zigzag axis for both theheterostructures. The effective index contrast is lower for the 40-nm
h-BN/250-nm BP heterostructure, implying a lower anisotropy in comparison to the 40-nm h-BN/40-nm BP heterostructure. There is an excellent agreement between theory
and experiments without the need of fitting any of the parameters of the structure. (N) Anisotropy a ¼ ba
 
of the phonon polaritons at varying frequencies. In the frequency
range of 1405 to 1440 cm−1, the anisotropy monotonically decreases for the 40-nm h-BN/250-nm BP heterostructure. The anisotropy is lower in comparison to the ratio of
refractive indices of BP in the x-y plane shown by dashed-purple line. Notably, the anisotropy of the 40-nm h-BN/40-nm BP heterostructure peaks at 1420 cm−1 with a
maximum value of amax = 1.25. The anisotropy values are much higher in comparison to the ratio of refractive indices of BP in the x-y plane, i.e., amax > a′. Thus, the phonon
polaritons in h-BN act as a means of enhancing the in-plane optical anisotropy of h-BN/BP heterostructures. Scale bars, 2 mm.Chaudhary et al., Sci. Adv. 2019;5 : eaau7171 12 April 2019 5 of 7
SC I ENCE ADVANCES | R E S EARCH ART I C L Ein fringes with lower ellipticity away from the sample center. For 40-nm
BP, the in-plane anisotropy peaks at 1420 cm−1 (Fig. 3N). On the
other hand, the anisotropy decreases monotonically with frequency
for 250-nm BP. There is an excellent agreement between the
calculated and experimental in-plane anisotropy. The maximum
possible anisotropy given by the ratio of refractive indices of BP in
the x-y plane (21) is a′ = 1.13, but the calculated and experimental
values show a much higher maximum anisotropy of amax = 1.25
for 40-nm BP at 1420 cm−1. This confirms the in-plane anisotropy
enhancement (and for the first time) in the h-BN/BP heterostructure
described above. Similarly, in-plane anisotropy can be probed in
the RS1 of h-BN, but QCLs for this range are not available (6). We ver-
ified that rotating the sample by 90° causes a rotation of the fringe
orientation, as expected for an anisotropic sample (fig. S5). Similar
results are observed for all the harmonics of the pseudo-heterodyne
detection used in our s-SNOM system (fig. S6).DISCUSSION
We expect that the ability of engineering these deeply subwavelength
modes will have important applications inmid-IR nanophotonics from
probing the in-plane optical anisotropy of other vdWmaterials and het-
erostructures in mid-IR, which is clearly not available, to new ap-
proaches for designing vertically stacked heterostructures with extreme
light confinement and tailored optical properties. For example, the het-
erostructure consisting of BP/h-BN/BP can lead to an even higher in-
plane optical anisotropy, up to a = 1.5 (fig. S7). Furthermore, our study
can be extended to other heterostructures that are electrostatically gated
to tune in-plane optically anisotropic substrates, such as BP and ReS2
(26), to result in tunable phonon polaritons supported by polar di-
electric materials, such as h-BN and SiC (16, 17), and tunable plasmon
polaritons supported by graphene (27, 28).MATERIALS AND METHODS
Sample fabrication
BP flakes weremechanically exfoliated onto a 300-nm SiO2/Si substrate
in theAr glovebox,whichhas less than 0.1 ppm (parts permillion) ofO2
and H2O to preserve the flakes from deterioration. h-BN flakes were
similarly exfoliated on the substrate. The thickness of flakes was con-
firmed with AFM (Park AFM). We used a dry transfer technique with
polymer (polycarbonate) and polydimethylsiloxane stamp to fabricate
h-BN/BP heterostructures in the Ar glovebox. Substrates were then
coated with poly(methyl methacrylate) (PMMA) 950(A6) and exposed
with an electron beam system with a dose of 450 mC/cm2 using an ac-
celerating voltage of 30 kV. After developing in methyl isobutyl ketone
for 1 min, reactive ion etching using a mixture of CHF3, Ar, and O2 at
flows of 10, 5, and 2 sccm, respectively, and a radio frequency generator
at 30W for 3 to 6 min was subsequently used to shape the heterostruc-
ture into discs. After the etching process, PMMA was removed by ac-
etone, rinsed with isopropyl alcohol, and dried with nitrogen.
ARPR spectroscopy
ARPR spectroscopy was performed using a 532-nm laser in a Horiba
system. The power incident on BP was kept below 2.5 mW to avoid
sample damage. Parallel polarization was used to collect the Raman
signals. BP samples were rotated 360° about the microscope optical
axis in 36 steps (10° per step). The grating number of the detector
was set to 1800, and the spectral range was from 300 to 500 cm−1.Chaudhary et al., Sci. Adv. 2019;5 : eaau7171 12 April 2019The acquisition time was set to 10 s for three times accumulation to
minimize the laser damage.
Numerical simulations
1D solver (Lumerical MODE Solutions) with a mesh size of 1 nm was
used to compute the fundamental mode profile and effective indices of
h-BN/BP vdW heterostructures for a range of frequencies in the RS2
band of h-BN. We calculated the effective indices for a range (30 to
250 nm) of thickness of BP with a given thickness of h-BN (40 nm).
Here, h-BN was modeled as an anisotropic dielectric, with its permit-
tivity values obtained from the Lorentz model (6, 10, 25). Besides, BP
wasmodeled as an anisotropic dielectric, with its permittivity values ob-
tained from Valagiannopoulos et al. (21).
Scattering-type scanning near-field optical microscopy
The near-field scans were obtained using a commercially available
s-SNOM fromNeaSpec, which is based on a tapping-modeAFM.QCL
was used as a tunable mid-IR source from Daylight Solutions. An IR
beam from a QCL was focused onto a PtIr-coated Si tip (diameter,
~20 nm) to launch the phonon polariton modes. The backscattered
signal was demodulated at the higher pseudo-heterodyne harmonics
(n ≥ 2) to reduce the background. Details of the separation of the
direct, roundtrip, and material contrast contributions are presented
in the Supplementary Materials.SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaau7171/DC1
Supplementary Method 1. Separation of s-SNOM contributions
Supplementary Method 2. Effective index, electric field profile, and anisotropy calculations
Fig. S1. Optical and Raman characterization.
Fig. S2. Microscope imaging using polarized light.
Fig. S3. AFM characterization.
Fig. S4. Raw s-SNOM scans.
Fig. S5. Component separation.
Fig. S6. s-SNOM images of the real part of the roundtrip contribution at different
pseudo-heterodyne harmonics.
Fig. S7. Three-layer heterostructures.
Fig. S8. Calculated in-plane anisotropy values of the phonon polaritons for varying thickness of
h-BN in the h-BN/BP heterostructure.
Fig. S9. Calculated effective indices for a range of refractive indices of BP.REFERENCES AND NOTES
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